All relevant data are within the paper and its Supporting Information file.

1. Introduction {#sec001}
===============

Although there are numerous studies on epilepsy, the mathematical modeling of epileptic discharges is still a challenge. The role of nonsynaptic mechanisms in epilepsy is not commonly recognized \[[@pone.0213904.ref001]\]. Indeed, a large number of mathematical models of epileptic activity that arises from synaptically coupled networks have been developed. In contrast, the number of computational models that take nonsynaptic mechanisms into account is limited. Kager et al. \[[@pone.0213904.ref002]--[@pone.0213904.ref004]\], Cressman et al. \[[@pone.0213904.ref005]\], Ullah et al. \[[@pone.0213904.ref006]\], and Owen et al. \[[@pone.0213904.ref007]\] used a model of a single neuron embedded in its environment to investigate how changing ionic concentrations in the extracellular space influence neuronal excitability. These models provide valuable insight into the role of local fluctuations of ion concentrations at the single neuron level. Pathological network behaviors mediated by changes in extracellular potassium concentration have been investigated in studies by Bazhenov et al. \[[@pone.0213904.ref008],[@pone.0213904.ref009]\], Frohlich et al. \[[@pone.0213904.ref010]\], and Krishnan et al. \[[@pone.0213904.ref011],[@pone.0213904.ref012]\]. A study conducted by Wei and Ullah et al. \[[@pone.0213904.ref013]--[@pone.0213904.ref015]\] to investigate the oxygen concentration related efficiency of the Na^+^/K^+^ pump and glial buffering in a computational model led to a deeper understanding of the relationship between the breakdown of ion concentration homeostasis and various neurological conditions, including epilepsy.

A well-known recent study of epileptic discharges that included network simulations and a detailed description of ionic dynamics was conducted by Krishnan et al. \[[@pone.0213904.ref012]\]; the simulated discharges relied on the depolarization block of pyramidal cells, which, however, is not common in experiments. In contrast, the model developed by Gentiletti et al. \[[@pone.0213904.ref001]\] quite realistically reproduced the initiation of an ictal discharge related to neuronal membrane potential and extracellular potassium concentration; however, the regime of repeating ictal discharges and a regime with interictal-like bursts were not achieved. In contrast, the model presented by Wei et al. \[[@pone.0213904.ref014]\] reproduced repeated ictal discharges in a pair of coupled excitatory and inhibitory neurons with dynamic concentrations of potassium, sodium, and oxygen without the chloride dynamic. In this article, a model that more precisely describes epileptiform discharges in coupled populations of heterogeneous excitatory and inhibitory neurons with dynamic concentrations of potassium, sodium, and chloride ions with the reproduction of repeated ictal discharges is proposed.

In some experimental models of epilepsy, patterns of epileptiform activity are similar. For instance, there are common features in three such models with slice preparations. The first model uses the combined hippocampal-entorhinal cortex slices from rats maintained in high potassium bath solutions containing 4-aminopyridine (4-AP) \[[@pone.0213904.ref016]\]. The other two models use human tissue slices. The slices were either taken from human subjects with mesial temporal lobe epilepsies and contained the hippocampus, subiculum, and entorhinal cortex with the activation of epileptic events by high potassium, low magnesium solution \[[@pone.0213904.ref017]\], or they were taken from peritumoral human cortical tissue \[[@pone.0213904.ref018]\]. Three types of activity patterns were distinguished: two types of short discharges that last a few hundreds of milliseconds and repeat irregularly with a characteristic interval of the order of seconds and one type with ictal discharges (IDs) that last tens of seconds and repeat on a time scale of minutes. The IDs are often composed of distinct but frequent short discharges. The short discharges fall into two different classes with the dominance of a GABA-A-receptor contribution and with a robust glutamatergic component. The former is referred to as IIDs of the first class (IID1s) in this work \[[@pone.0213904.ref016]\] and as IIDs by Huberfeld et al. \[[@pone.0213904.ref017]\] and Pallud et al. \[[@pone.0213904.ref018]\] and preictal spikes in \[[@pone.0213904.ref019]\]. The latter is referred to as IIDs of the second class (IID2s) in this work \[[@pone.0213904.ref016]\] and as preictal discharges (PIDs) by Huberfeld et al. \[[@pone.0213904.ref017],[@pone.0213904.ref018]\]. Because the short discharges that constitute IDs are similar to those of IIDs, in the present study, the separation on IID1s and IID2s was used assuming that the mechanisms of IID2s and PIDs are similar. In all three papers, the key factor in the initiation of discharge generation is the reversal of the polarity of the GABA-A-mediated currents in some fraction of neuronal populations due to pathological chloride accumulation within neurons. The major difference in the mechanism of the discharges proposed by Pallud et al. \[[@pone.0213904.ref018]\] in comparison with that of other experiments \[[@pone.0213904.ref016]\] consists of the separation of the pyramidal cell population in two subpopulations with normal and pathologically depolarized GABA-A reversal potential. Indeed, as shown in \[[@pone.0213904.ref020]\], the population of pyramidal neurons is heterogeneous with different values of GABA-A reversal potential due to the different levels of KCC2 expression in the cells \[[@pone.0213904.ref021]\]. The same evidence of different GABA-A reversal potentials was reported by Glykys et al. \[[@pone.0213904.ref022]\]; however, the authors proposed an alternative explanation for this heterogeneity and showed that local impermeant anions establish the neuronal chloride concentration. Here, the distribution of GABA-A reversal potential across a population of pyramidal neurons was taken into account by splitting the population into two subpopulations with normal and impaired chloride homeostasis. Based on this hypothesis, a model was developed with two subpopulations of normal and pathological glutamatergic neurons and one population of interneurons.

A sound approach for modeling the neuronal population activity of highly synchronized neurons is a population-type model, but it should be quite precise for transient, non-equilibrium regimes, thus belonging to the class of probability density models \[[@pone.0213904.ref023]\]. Coupling neuronal excitation with ionic dynamics requires an explicit description of voltage-gated ionic currents. This is possible in the frames of the conductance-based refractory density (CBRD) approach \[[@pone.0213904.ref024],[@pone.0213904.ref025]\], which is also compatible with two-compartment neuron models that are required to model the extracellular field potential \[[@pone.0213904.ref026]\]. The CBRD approach without explicit consideration of ionic dynamics has already been used to model IIDs in our recent publications \[[@pone.0213904.ref027],[@pone.0213904.ref028]\]. The main factor that led to the different types of IIDs was a depolarized level of GABA-A reversal potential assumed to be constant during each of the regimes. Whereas this assumption is feasible for IIDs, it does not apply to transient regimes and ID generation. In this study, simulations of IDs are achieved by generalizing the model to an explicit description of the ionic dynamics of three neuronal populations. A sound level of reduction of the ionic dynamics model should describe the changes in ionic concentrations that have the most significant effect on reversal potential. According to Nernst equations, these concentrations include extracellular potassium, intracellular sodium, and chloride concentrations that are smaller than their counterparts on the other sides of the membrane. Hence, these three ions are the focus, which is a tradeoff between the more complex \[[@pone.0213904.ref001],[@pone.0213904.ref012]\] and more reduced \[[@pone.0213904.ref005],[@pone.0213904.ref006],[@pone.0213904.ref008],[@pone.0213904.ref014]\] models of other groups.

2. Methods {#sec002}
==========

2.1 Experiments {#sec003}
---------------

Details of the experimental methods were described previously \[[@pone.0213904.ref016],[@pone.0213904.ref027]\]. Shortly, the experiments were carried out in 3-week-old Wistar rats. All animal procedures followed the guidelines of the European Community Council Directive 86/609/EEC and were approved by the Animal Care and Use Committee of the Sechenov Institute of Evolutionary Physiology and Biochemistry of the Russian Academy of Sciences. 35 rats were used in this study. Rats were decapitated and their brains removed rapidly. A vibrating microtome (Microm HM 650 V; Microm; Germany) was used to cut horizontal slices 300-μm thick that contained entorhinal cortex and hippocampus. All steps used artificial cerebrospinal fluid (ACSF) with the following composition (in mM): 126 NaCl, 2.5 KCl, 1.25 NaH2PO4, 1 MgSO4, 2 CaCl2, 24 NaHCO3, and 10 dextrose. The ACSF was aerated with carbogen (95% O2/5% CO2). Recordings were made at 30° C. Pyramidal neurons in deep layers of the entorhinal cortex were visualized using a Zeiss Axioscop 2 microscope (Zeiss; Oberkochen, Germany) equipped with differential interference contrast optics and a video camera (PointGrey Grasshopper3 GS3-U3-23S6M-C, FLIR Integrated Imaging Solutions Inc., USA). Patch electrodes (3--5 MΩ) were pulled from borosilicate filamented glass capillaries (WPI; UK) on a P-1000 Micropipette Puller (Sutter Instrument; Novato, CA, USA). For current-clamp recordings, a potassium-gluconate-based intracellular solution was used. The solution had the following composition (in mM): 135 K-gluconate, 10 NaCl, 5 EGTA, 10 HEPES, 4 ATP-Mg, and 0.3 GTP (with pH adjusted to 7.25 with KOH). For voltage-clamp recordings, a solution based on cesium-methane-sulfonate (CsMeS) was used. This solution had the following composition (in mM): 127 CsMeS, 10 NaCl, 5 EGTA, 10 HEPES, 6 QX314, 4 ATP-Mg, and 0.3 GTP (with pH adjusted to 7.25 with CsOH). Whole-cell recordings were performed with two Model 2400 patch-clamp amplifiers (AM-Systems; Sequim, WA, USA), and an NI USB-6343A/D converter (National Instruments; Austin, TX, USA) using WinWCP5 software (SIPBS; Glasgow, UK). The data were filtered at 10 kHz and sampled at 20 kHz. After the formation of the whole-cell configuration, access resistance was less than 15 M and remained stable (30% increase) during the experiments in all cells included. In the combined entorhinal cortex-hippocampal slices, epileptiform activity was induced with the pro-epileptic solution, containing the following (in mM): 120 NaCl, 8.5 KCl, 1.25 NaH2PO4, 0.25 MgSO4, 2 CaCl2, 24 NaHCO3, 10 dextrose, and 0.05 4-AP. The solution was aerated with carbogen (95% O2/5% CO2) throughout the experiment. The flow rate in the perfusion chamber was 5--6 ml/min. The liquid junction potentials were measured as described \[[@pone.0213904.ref029]\], and the holding potential was compensated offline for voltage-clamp recordings by subtracting 7 mV. The recordings from 54 slices (1--2 slices per rat) were included in analysis.

Field potentials were recorded using glass microelectrodes (0.2--1.0 MOhm) filled with ACSF and placed in deep layers of the entorhinal cortex. Epileptiform activity was registered with a Model 1800 differential amplifier (AM-Systems; Sequim, WA, USA), digitized and recorded to a personal computer using the acquisition card NI USB-6211 (National Instruments; Austin, TX, USA) and the WinWCP5 software.

2.2 Modeling {#sec004}
------------

The proposed model consists of two subsystems that describe neuronal excitability and ionic dynamics. Neuronal excitability has been described in a recent work \[[@pone.0213904.ref027]\], and the equations are given in the [S1 Appendix](#pone.0213904.s001){ref-type="supplementary-material"}. The ionic dynamics equations were based on previous works \[[@pone.0213904.ref002],[@pone.0213904.ref005],[@pone.0213904.ref008],[@pone.0213904.ref014]\] and are described in the following section. The effects of spatial propagation or interactions between different areas were not considered due to the experimental finding \[[@pone.0213904.ref027]\] that the properties of IDs and IIDs in slices with an isolated entorhinal cortex were similar to those of the combined slices, and thus the entorhinal cortex alone is sufficient to generate and to maintain epileptiform activity. It is assumed that the spatial propagation of neuronal activity within this region is not essential.

### Neuronal excitability equations {#sec005}

Three neuronal populations were considered, including two excitatory populations and one inhibitory (*I*) population. One excitatory population (*E1*) included neurons that were hyperpolarized by GABA-A-mediated synapses, and in the other (*E2*), they were depolarized. The population dynamics are described in terms of the conductance-based refractory density approach \[[@pone.0213904.ref024],[@pone.0213904.ref025]\], which is a generalization of the original refractory density approach \[[@pone.0213904.ref030]\] for single- or two-compartmental \[[@pone.0213904.ref031]\] Hodgkin-Huxley-like neurons. The approximations for voltage-gated and synaptic ionic channels were taken from \[[@pone.0213904.ref032],[@pone.0213904.ref033]\] and \[[@pone.0213904.ref031]\], respectively. Lognormal distribution of synaptic weights was implemented as in \[[@pone.0213904.ref034]\]. The synaptic depression was taken into account in accordance with the Markram-Tsodyks model \[[@pone.0213904.ref035]\] in its rate-based form \[[@pone.0213904.ref036]\]. To relate the intrinsic variables of neuronal populations to local field potentials (LFP), the model of coupled populations was supplied by the expression for LFP calculation according to \[[@pone.0213904.ref026]\]. This approach has been applied to simulations of interictal discharges in an assumption of pathologically shifted but constant reversal potentials of GABAergic currents. Here, the approach is generalized to the accounting of three populations and dynamic ionic concentrations. The equations are given in the [S1 Appendix](#pone.0213904.s001){ref-type="supplementary-material"}.

### Ionic dynamics equations {#sec006}

The ionic concentrations that strongly affect reversal potentials are the extracellular potassium concentration \[*K*\]~*O*~, intracellular chloride concentrations ${\lbrack Cl\rbrack}_{i}^{E1}$, ${\lbrack Cl\rbrack}_{i}^{I}$, and ${\lbrack Cl\rbrack}_{i}^{E2}$ within *E1-*, *E2-* and *i*-neurons, respectively, and the intracellular sodium concentrations ${\lbrack Na\rbrack}_{i}^{E1}$, ${\lbrack Na\rbrack}_{i}^{I}$, and ${\lbrack Na\rbrack}_{i}^{E2}$ ([Fig 1](#pone.0213904.g001){ref-type="fig"}).

![Schematic of ionic dynamics mechanisms.\
*E1* and *E2* are pyramidal cells with hyper- and depolarizing GABA synapses, correspondingly, *I* is an interneuron. Dynamics of K^+^, Cl^-^, Na^+^ and HCO~3~^-^ ions is determined by the action of the leak, voltage-gated K-DR-, A-, M- and AHP- and synaptic GABA-A- and glutamatergic channels together with the K^+^/Cl^-^ cotransporters KCC2 and NKCC1, and Na^+^/K^+^ exchange pump.](pone.0213904.g001){#pone.0213904.g001}

The potassium balance equation was modified after Wei et al. \[[@pone.0213904.ref014]\]. The contribution of inhibitory neurons was equal to 1/4 in accordance with the fraction of inhibitory neurons in the cortical tissue \[[@pone.0213904.ref037]\]. The ratio of *E2*-neurons in the entire pyramidal neuron population is up to 2/3, according to the experimental observations \[[@pone.0213904.ref018]\]. However a smaller fraction is sufficient for these neurons to play a triggering function. $$\frac{d{\lbrack K\rbrack}_{o}}{dt} = \gamma\beta\left\lbrack \begin{array}{l}
{\alpha_{E1}\left( {I_{K,leak}^{E1} + I_{K,active}^{E1} + I_{K,glu}^{E1} - 2I_{pump}^{E1} - I_{KCC2}^{E1}} \right) +} \\
{\alpha_{E2}\left( {I_{K,leak}^{E2} + I_{K,active}^{E2} + I_{K,glu}^{E2} - 2I_{pump}^{E2} - I_{KCC2}^{E2} - I_{NKCC1}^{E2}} \right) +} \\
{\alpha_{I}\left( {I_{K,leak}^{I} + I_{K,active}^{I} + I_{K,glu}^{I} - 2I_{pump}^{I} - I_{KCC2}^{I} - I_{NKCC1}^{I}} \right)} \\
\end{array} \right\rbrack + G + D\left( {{\lbrack K\rbrack}_{bath} - {\lbrack K\rbrack}_{o}} \right)$$ where *β* is the ratio of intra/extracellular volume; *α*~*E*1~,*α*~*E*2~ and *α*~*I*~ are fractions of the numbers of different types of cells in the total number of cells (*α*~*E*1~+*α*~*E*2~+*α*~*I*~ =1); $I_{K,leak}^{E1,E2,I}$ and $I_{K,active}^{E1,E2,I}$ are the potassium currents through leak and active channels, respectively; $I_{K,glu}^{E1,E2,I}$ is the potassium current through glutamatergic channels; $I_{pump}^{E1,E2,I}$ is the current of doublets of the potassium ions; $I_{KCC2}^{E1,E2,I}$ is the flux of potassium due to the KCC2-cotransporter; $I_{NKCC1}^{E2}$ is the potassium flux due to the NKCC1-cotransporter, which is present only in *E2*-neurons; and *γ* is the surface-to-volume and charge-to-concentration translating parameter.

For each of the populations, *E1*, *E2*, and *I*, the intracellular concentrations of the chloride and sodium ions were calculated according to the balance equations: $$\frac{d{\lbrack Cl\rbrack}_{i}}{dt} = \gamma\left( {I_{Cl,leak} + I_{GABA} + I_{KCC2} + 2I_{NKCC1}} \right)$$ $$\frac{d{\lbrack Na\rbrack}_{i}}{dt} = \gamma\left( {- I_{Na,leak} - I_{Na,glu} + q_{Na}\nu(t) - 3I_{pump} + I_{NKCC1}} \right)$$ where *I*~*Cl*,*leak*~ and *I*~*Na*,*leak*~ are the chloride and sodium leak currents, respectively; *I*~*GABA*~ is the chloride ion current through GABA-A-controlled receptors; and *I*~*Na*,*glu*~ is the sodium current through the glutamatergic receptors. Reversal potentials were obtained from the Nernst equations: $$V_{K} = 26.6mV\ \ln\left( {{\lbrack K\rbrack}_{o}/{\lbrack K\rbrack}_{i}} \right)$$ $$V_{Cl} = 26.6mV\ \ln\left( {{\lbrack Cl\rbrack}_{i}/{\lbrack Cl\rbrack}_{o}} \right)$$ $$V_{Na} = 26.6mV\ \ln\left( {{\lbrack Na\rbrack}_{o}/{\lbrack Na\rbrack}_{i}} \right)$$ $$V_{GABA} = 26.6mV\ \ln\left( {\left( {4{\lbrack Cl\rbrack}_{i} + {\lbrack HCO_{3}\rbrack}_{i}} \right)/\left( {4{\lbrack Cl\rbrack}_{o} + {\lbrack HCO_{3}\rbrack}_{o}} \right)} \right)$$

The Na^+^/K^+^ pump \[[@pone.0213904.ref013],[@pone.0213904.ref014]\], KCC2 \[[@pone.0213904.ref001],[@pone.0213904.ref013],[@pone.0213904.ref038],[@pone.0213904.ref039]\], and NKCC1 \[[@pone.0213904.ref013],[@pone.0213904.ref039]\] transporter currents were calculated as follows: $$I_{pump} = \frac{I_{pump,\max}}{(1 + \exp(3.5 - {\lbrack K\rbrack}_{o}))(1 + \exp((25 - {\lbrack Na\rbrack}_{i})/3))}$$ $$I_{KCC2} = I_{KCC2,\max}\left( {V_{K} - V_{Cl}} \right)/26.6\ mV$$ $$I_{NKCC1} = I_{NKCC1,\max}\left( {V_{Na} + V_{K} - 2V_{Cl}} \right)/26.6\ mV$$

Ionic channel currents were calculated based on the somatic and dendritic membrane potentials averaged across the entire population: $$\overline{U}(t) = {\int_{0}^{\infty}{U(t,t^{*}){\int_{0}^{\infty}\ {\rho_{x}(t,t^{*})\psi(x)dxdt^{*}}}}}$$ and $$\overline{U_{d}}(t) = {\int_{0}^{\infty}{U_{d}(t,t^{*}){\int_{0}^{\infty}\ {\rho_{x}(t,t^{*})\psi(x)dxdt^{*}}}}}$$ with the lognormal distribution taking into account heterogeneity of synaptic weights within a population $$\psi(x) = \frac{\exp( - {(\ln x)}^{2}/(2\sigma_{LN}^{2}))}{\sqrt{2\pi}\sigma_{LN}x}.$$

Eqs ([11](#pone.0213904.e023){ref-type="disp-formula"}--[13](#pone.0213904.e025){ref-type="disp-formula"}) repeat eqs. (A30,A33,A34). In these equations, the density of neuronal distribution across *t*\*- the time elapsed since the last spike, *ρ*~*x*~(*t*,*t*\*), is calculated with the refractory density equation for different populations, eqs.(A1,A24) given in [S1 Appendix](#pone.0213904.s001){ref-type="supplementary-material"}; the distribution across *t*\* of the somatic and dendritic membrane potentials *U*(*t*,*t*\*) and *U*~*d*~(*t*,*t*\*) is calculated with eqs. (A2,A3,A25).

The leak currents are as follows: $$I_{K,leak} = g_{KL}\left( {\overline{U} - V_{K}} \right),\ I_{Cl,leak} = g_{ClL}\left( {\overline{U} - V_{Cl}} \right),\ I_{Na,leak} = g_{NaL}\left( {\overline{U} - V_{Na}} \right).$$ $$I_{K,active} = {\int_{0}^{\infty}{\left( {I_{K - DR}(t,t^{*}) + I_{M}(t,t^{*}) + I_{AHP}(t,t^{*})} \right){\int_{0}^{\infty}{\rho_{x}(t,t^{*})\psi(x)dxdt^{*}}}}}$$ is the average potassium current through the voltage-gated channels. The M- and AHP-components are absent for interneurons.

The glial buffer is: $$G = k_{1}(B_{\max} - B)/k_{1N} - k_{2}B,$$ $$\frac{dB}{dt} = k_{1}(B_{\max} - B) - k_{2}B,\ k_{2} = k_{1}/\left( {1 + \exp\left( {- ({\lbrack K\rbrack}_{o} - 15mM)/1.15mM} \right)} \right).$$

The chloride current through the GABAergic channels is: $$I_{GABA}^{} = g_{GABA}^{}({\overline{U}}_{d}^{} - V_{Cl}^{})$$

The potassium and sodium currents through the glutamatergic channels \[[@pone.0213904.ref040]\] were approximated as linear dependent on voltage with the fractions of the total glutamatergic conductance. The fraction was estimated based on the data provided by Mayer and Westbrook \[[@pone.0213904.ref041]\] as 0.2 for the potassium and 0.4 for the sodium ions. At the level of -50mV, this ratio provides compensation of potassium by calcium currents through the glutamatergic receptor and by the equality of the sodium current to the total glutamatergic current. Thus, the potassium and sodium components were assumed to be: $$I_{K,glu}^{} = 0.2g_{glu}^{}({\overline{U}}_{d} - V_{K}),\ I_{Na,glu}^{} = 0.4g_{glu}^{}({\overline{U}}_{d} - V_{Na}).$$

The ***parameters*** are as follows:

*γ* = *S*/(*F vol*) = 2⋅10^−5^ \[(*mM*/*ms*)/(*μA*/*cm*^2^)\] (close to the estimate by Barreta and Cressman \[[@pone.0213904.ref042]\], which is 4.4⋅10^−5^ there); *β* = 5; *α*~*E*2~ = 0.1, *α*~*I*~ = 0.25 (i.e., *α*~*E*1~ = 0.65). The Na^+^/K^+^ pump, KCC2 and NKCC1 transporter current amplitudes are as follows: *I*~*pump*,max~ = 3*μA*/*cm*^2^, $I_{KCC2,\max}^{E1} = 2\mu A/cm^{2}$, $I_{KCC2,\max}^{E2} = I_{KCC2,\max}^{I} = 0.5\mu A/cm^{2}$, $I_{NKCC1,\max}^{E1} = 0$, $I_{NKCC1,\max}^{E2} = I_{NKCC1,\max}^{I} = 0.1\mu A/cm^{2}$, \[*Cl*\]~*o*~ = 130*mM*, \[*K*\]~*i*~ = 129*mM*, \[*Na*\]~*o*~ = 130*mM*, \[*HCO*~3~\]~*o*~ = 24*mM*, and \[*HCO*~3~\]~*i*~ = 16*mM*. The leak conductances are the same for all three populations: *g*~*KL*~ = 50*μS*/*cm*^2^, *g*~*ClL*~ = 10*μS*/*cm*^2^, and *g*~*NaL*~ = 5*μS*/*cm*^2^. The membrane area is 10^−4^*cm*^2^. The sodium charge transferred by a single spike is *q*~*Na*~ = 0.3*μC*/*cm*^2^. The initial concentrations are \[*K*\]~*o*~ = \[*K*\]~*bath*~, ${\lbrack Cl\rbrack}_{i}^{E1} = 6mM$, ${\lbrack Cl\rbrack}_{i}^{E2} = {\lbrack Cl\rbrack}_{i}^{I} = 19mM$, and ${\lbrack Na\rbrack}_{i}^{E1} = {\lbrack Na\rbrack}_{i}^{E2} = {\lbrack Na\rbrack}_{i}^{I} = 12\mspace{2mu} mM$. The glial pump was neglected in all simulations except Simulation 4, which was set as *k*~1~ = 0.01*s*^−1^.

The concentrations of intracellular potassium and extracellular chloride and sodium ions are assumed to be constant because their effect on the network is much smaller than that for their counterparts. The sensitivity of the network to changes of the concentrations can be evaluated with the absolute values of the derivatives of the reversal potentials (Eqs ([4](#pone.0213904.e016){ref-type="disp-formula"}--[6](#pone.0213904.e018){ref-type="disp-formula"})) on the concentrations, i.e. \|∂*V*~*ion*~/∂\[*ion*\]\| = 26.6*mV*/\[*ion*\]. With the parameters set above and \[*K*\]~*bath*~ = 8.5*mM*, we obtain \|∂*V*~*K*~/∂\[*K*\]~*i*~\| = 0.2*mV*/*mM*, \|∂*V*~*Cl*~/∂\[*Cl*\]~*o*~\| = 0.2*mV*/*mM* and \|∂*V*~*Na*~/∂\[*Na*\]~*o*~\| = 0.2*mV*/*mM*, which are about one order of magnitude smaller than \|∂*V*~*K*~/∂\[*K*\]~*o*~\| = 3.1*mV*/*mM*, \|∂*V*~*Cl*~/∂\[*Cl*\]~*i*~\| = 4.4*mV*/*mM* and \|∂*V*~*Na*~/∂\[*Na*\]~*i*~\| = 2.2*mV*/*mM*, correspondingly.

3. Results {#sec007}
==========

3.1 Experimental observations of ictal and interictal discharges {#sec008}
----------------------------------------------------------------

As reported previously \[[@pone.0213904.ref016],[@pone.0213904.ref027]\], following the perfusion of brain slices containing the entorhinal cortex and hippocampus with a pro-epileptic solution, IDs and two types of IIDs, IID1s, and IID2s, were observed. In our preparation, 67% of slices included in analysis were able to generate IDs within the recording period of 30 minutes. Representative examples of IDs recorded in voltage clamp (VC) mode at a holding voltage of -27 mV and in current-clamp (CC) mode in entorhinal pyramidal neurons are shown in [Fig 2](#pone.0213904.g002){ref-type="fig"}.

![Experiment.\
**Ictal discharges in combined entorhinal cortex-hippocampal slices. A, B**: IDs recorded in the voltage-clamp mode at *V*~*hold*~ = −27*mV*. **A**: Sequence of three IDs. **B**: Another example of a single ID. **C, D**: IDs recorded in the current-clamp mode. Presumably, the trace in C is from a pyramidal cell with depolarizing GABA-A synapses (\>90% of recordings in our preparation), whereas in D from a pyramidal cell with hyperpolarizing GABA-A synapses (less than 10% of the recordings). Red arrows point on several GABA-mediated discharges, that precede ID and are either depolarizing (C), or hyperpolarizing (D). Blue arrows point on discharges that constitute the late phase of ID and have a strong GABA-mediated component which is either depolarizing (C), or hyperpolarizing (D). E: An example of extracellular field recoding during ID.](pone.0213904.g002){#pone.0213904.g002}

The IDs repeated with an interval of a few minutes (the average interval was 185±10s (n = 17 slices)) ([Fig 2A](#pone.0213904.g002){ref-type="fig"}). For the current-clamp recordings, the activity was characterized by action potential burst discharges lasting 30--80 s (the average ID duration was 96±8s (n = 20 slices)) ([Fig 2C and 2D](#pone.0213904.g002){ref-type="fig"}). Recordings in voltage-clamp mode at a holding voltage of -27 mV revealed inhibitory and excitatory components of synaptic currents. For this membrane potential, the GABAergic current flows outward, whereas the glutamatergic AMPAR- and NMDAR-mediated currents flow inward. All IDs began with either a short burst of high-amplitude IPSCs or a prolonged burst of IPSCs with lower amplitude ([Fig 2A and 2B](#pone.0213904.g002){ref-type="fig"}). The main portion of each ID was composed of stereotypical bursts of currents with components that reversed at various voltages \[[@pone.0213904.ref016]\]. This stereotypical current burst lasted about 1 s and had the fast IPSCs initially followed by overlapping EPSCs. In most cases, these stereotypical current bursts were clustered at the onset of an ID, forming the "tonic" phase of the ictal event. At a later stage, these current bursts emerged at lower frequencies and formed the "clonic" phase of an ID.

An example of the activity, which is shown in [Fig 3A](#pone.0213904.g003){ref-type="fig"}, illustrates a transition from IID1s via an ID to a continuous mode of IID2 generation. In our preparation, 22% of slices exhibited this form of epileptiform activity, which constitutes 33% of those able to generate IDs (for the rest, the generation of IDs persisted more than 30 minutes). In a recent work \[[@pone.0213904.ref016]\], IID1s and IID2s were classified, and GABA, AMPA, and NMDA synaptic components were identified for each type of discharge. IID1s are pure GABAergic events that reflect a synchronized activity of interneurons under the conditions of depolarized GABA reversal potential. They have observed as purely outward (positive) currents in the recordings at a holding voltage of -27 mV ([Fig 3B](#pone.0213904.g003){ref-type="fig"}). IID2 is a sequence of GABAergic and glutamatergic components. IID2s have both positive and negative components in this recording ([Fig 3C](#pone.0213904.g003){ref-type="fig"}). A typical duration of IIDs is about 1 s, and the inter-event interval is about a few seconds. The amplitudes and durations of IID1s, as well as the inter-burst interval, are more variable for IID1s than for IID2s. The exact parameters of the time course of synaptic conductances during both types of IIDs in our preparation were reported in our previous works \[[@pone.0213904.ref016],[@pone.0213904.ref027]\].

![Experiment.\
**Interictal discharges. A**: Transition from IID1s through ID to IID2s recorded in the voltage-clamp mode. **B**: An example of a few IID1 in VC. **C**: An example of a few IID2s in VC. **D**: Two IID1s exposed as hyperpolarizing events between spontaneous spikes in CC. IID1s are marked with red arrows. **E**: Three IID1s exposed as depolarizing events in CC. IID1s are marked with red arrows. **F**: Three IID2s recorded in CC.](pone.0213904.g003){#pone.0213904.g003}

In the present study, the heterogeneity of a population of pyramidal cells was introduced into the model in order to simulate the epileptiform activity. In our preparation, during IIDs the GABA-A conductance was either depolarizing (Figs [2C](#pone.0213904.g002){ref-type="fig"} and [3E](#pone.0213904.g003){ref-type="fig"}) or hyperpolarizing (Figs [2D](#pone.0213904.g002){ref-type="fig"} and [3D](#pone.0213904.g003){ref-type="fig"}), though the latter case was observed in less than 10% of cells. Intracellular chloride accumulation is induced by the pro-epileptic solution. We speculate that in some of the cells, it is perfectly balanced by its extrusion with KCC2-cotransporters and due to equilibration with pipette solution; while in others, it is not. The chloride level changes during IDs \[[@pone.0213904.ref022]\]. Thus, the effect of GABA may reverse during a single ID. Due to this heterogeneity, the interneurons play a dual role by triggering and terminating the discharges, which makes it necessary to consider at least two subpopulations of pyramidal neurons in a modeling study of epileptic activity observed under these and similar conditions \[[@pone.0213904.ref018]\].

3.2 Simulations {#sec009}
---------------

### Silent state under normal conditions {#sec010}

Under normal conditions, (\[*Mg*\]~*o*~ = 2 *mM* and \[*K*\]~*bath*~ = 3.5 *mM*), the system is silent with the steady state variables *U*^*E*1^ = −75*mV*, *U*^*E*2^ = −70*mV*, *U*^*I*^ = −70*mV*, *ν*^*E*1^ = *ν*^*E*2^ = *ν*^*I*^ = 0, \[*K*\]~*o*~ = 5*mM*, ${\lbrack Cl\rbrack}_{i}^{E1} = {\lbrack Cl\rbrack}_{i}^{I} = 6mM,$ ${\lbrack Cl\rbrack}_{i}^{E2} = 18mM,$ ${\lbrack Na\rbrack}_{i}^{E1} = {\lbrack Na\rbrack}_{i}^{I} = 14mM,$ and ${\lbrack Na\rbrack}_{i}^{E2} = 15mM$. This trivial simulation confirms the consistency of the model with the experimental observations that show no spontaneous activity in the slices immersed in the low-magnesium and low-potassium solution.

### Types of spontaneous discharges under pro-epileptic conditions {#sec011}

The model showed IDs and IIDs. Epileptic events (Figs [4](#pone.0213904.g004){ref-type="fig"} and [5](#pone.0213904.g005){ref-type="fig"}) were obtained by setting \[*Mg*\]~*o*~ = 0.25*mM*, affecting NMDARs via eq.(A36) ([S1 Appendix](#pone.0213904.s001){ref-type="supplementary-material"}), and \[*K*\]~*bath*~ = 8.5 *mM* affecting \[*K*\]~*o*~ via Eq ([1](#pone.0213904.e007){ref-type="disp-formula"}). A regime with regular IDs ([Fig 4](#pone.0213904.g004){ref-type="fig"}) was obtained with relatively low noise *I*~*noise*~ present in eq.(A2) for *E2-*cells (20 pA). With a larger amplitude (40 pA), an ID turns to a regime of the stable generation of IIDs ([Fig 5A and 5B](#pone.0213904.g005){ref-type="fig"}), similar to the scenario of the experimental recordings ([Fig 3A](#pone.0213904.g003){ref-type="fig"}). The discharges were similar to those observed in experimental models with hippocampal-entorhinal cortex slices in high-potassium bath solutions containing 4-AP, as described in Section 3.1 and previous studies \[[@pone.0213904.ref016]--[@pone.0213904.ref018]\]. In particular, the pattern of the extracellular potential during ID ([Fig 2C](#pone.0213904.g002){ref-type="fig"}) is similar to those recorded in \[[@pone.0213904.ref043],[@pone.0213904.ref044]\] and our experiment ([Fig 2E](#pone.0213904.g002){ref-type="fig"}); an ID is composed of separate IID-like bursts, each starting from sharp positive-negative and continuing with mostly negative components. The IDs repeat on a time scale of minutes ([Fig 4](#pone.0213904.g004){ref-type="fig"}, compare to [Fig 2](#pone.0213904.g002){ref-type="fig"}), whereas IIDs are irregular with a characteristic interval of the order of a few seconds ([Fig 5](#pone.0213904.g005){ref-type="fig"}, compare to [Fig 3](#pone.0213904.g003){ref-type="fig"}).

![Simulated epileptiform activity with ictal and interictal discharges (Simulation 1).\
**A**, Local field potential (LFP); **B**, Current recorded in a pyramidal cell (population E1) at the hold voltage -27mV; **C**-**G**, Zoomed interval; **C**, LFP; **D**, current at -27 mV in a cell of population *E1*; **E-G**, membrane potential of cells representing interneurons (population *I*), pyramidal cells depolarized by GABARs (population *E2*) and pyramidal cells hyperpolarized by GABARs (population *E1*).](pone.0213904.g004){#pone.0213904.g004}

![Simulated interictal discharge regime (Simulation 2).\
**A**, Local field potential (LFP); **B**, Current recorded in a pyramidal cell (population E1) at the hold voltage -27mV; **C**-**L**, Zoomed interval with IIDs of different types, IID1 (left panels) and IID2 (right panels); **C,D**, LFP; **E,F**, current at -27 mV in a cell of population 1; **G-L**, membrane potential of cells representing interneurons (population I), pyramidal cells depolarized by GABARs (population E2) and pyramidal cells hyperpolarized by GABARs (population E1).](pone.0213904.g005){#pone.0213904.g005}

Activities involving IIDs include IIDs that are GABA-A-component dominated (IID1) and those with both GABAergic and glutamatergic components (IID2) ([Fig 5](#pone.0213904.g005){ref-type="fig"}). IID1s are recorded as pure positive pulses in the VC mode of patch-clamp registrations ([Fig 5E](#pone.0213904.g005){ref-type="fig"}). They are not quite visible in the CC mode for *E1*-cells ([Fig 5K](#pone.0213904.g005){ref-type="fig"}). Such events are similar to experimentally observed IID1s shown in [Fig 3B, 3D, and 3E](#pone.0213904.g003){ref-type="fig"}, which are reported here \[[@pone.0213904.ref016]\], and IIDs from the works by Pallud et al. \[[@pone.0213904.ref018]\] and Huberfeld et al. \[[@pone.0213904.ref017]\]. Specifically, the current pulses in [Fig 5E](#pone.0213904.g005){ref-type="fig"} correspond to those in [Fig 3B](#pone.0213904.g003){ref-type="fig"}; spiking and depolarization during IID1s can be observed in [Fig 5I](#pone.0213904.g005){ref-type="fig"} and [Fig 3E](#pone.0213904.g003){ref-type="fig"}, and the silence of the E2-cell during IID1s ([Fig 5K](#pone.0213904.g005){ref-type="fig"}) is consistent with the silent periods during hyperpolarization ([Fig 3D](#pone.0213904.g003){ref-type="fig"}).

The other type of short discharges shown in [Fig 5D, 5F](#pone.0213904.g005){ref-type="fig"}, [5H](#pone.0213904.g005){ref-type="fig"}, [5J](#pone.0213904.g005){ref-type="fig"}, and [5L](#pone.0213904.g005){ref-type="fig"} is composed of both GABA and glutamatergic components. In the recordings simulated for the VC mode at -27 mV, they often have small positive, GABAergic and large negative, glutamatergic components ([Fig 5F](#pone.0213904.g005){ref-type="fig"}). These events are similar to IID2 recordings reported by Amakhin et al. \[[@pone.0213904.ref016]\] and Huberfeld et al. \[[@pone.0213904.ref017],[@pone.0213904.ref018]\]. Precisely, the current pulses in [Fig 5F](#pone.0213904.g005){ref-type="fig"} correspond to those in [Fig 3C](#pone.0213904.g003){ref-type="fig"}, and spiking and depolarization during IID2s can be observed for both subpopulations of pyramidal cells ([Fig 5J and 5L](#pone.0213904.g005){ref-type="fig"}) and are similar to the experimental patterns in [Fig 3F](#pone.0213904.g003){ref-type="fig"}.

### Mechanism of IID1s {#sec012}

The mechanisms of the observed IID1s, IID2s, and IDs involve three populations, as reported by Pallud et al. \[[@pone.0213904.ref018]\], which include glutamatergic neurons with hyperpolarizing GABA-A synapses (*E1*), GABAergic interneurons (*I*), and glutamatergic neurons with depolarizing GABA-A synapses (*E2*) ([Fig 6](#pone.0213904.g006){ref-type="fig"}); however, only two populations are active during IID1s. The glutamatergic neurons with depolarizing GABA-A synapses (*E2*) are driven by noise. They generate rare spikes (for instance, see the first spike in [Fig 5I](#pone.0213904.g005){ref-type="fig"}). These rare spikes excite interneurons ([Fig 5G](#pone.0213904.g005){ref-type="fig"}). The interneurons then depolarize the *E2*-neurons ([Fig 5I](#pone.0213904.g005){ref-type="fig"}) and amplify their spike generation, thus providing positive feedback. Consequently, *I*-cell firing activity becomes strong, and the activity of *E2*-neurons is significant, though not sufficient to excite the *E1*-population ([Fig 5K](#pone.0213904.g005){ref-type="fig"}). The concentration of chloride in these neurons is low, and GABA-A receptors provide hyperpolarization. *E1*-neurons remain silent. The termination of an IID1 occurs after the weakening of GABA-A receptors ([Fig 7A, 7C and 7E](#pone.0213904.g007){ref-type="fig"}) due to a synaptic depression, which is characterized by the synaptic resource variable *x*^*D*^~*GABA*~ ([Fig 7G](#pone.0213904.g007){ref-type="fig"}). Overall, the activities of only two populations, *I* and *E2*, determine the generation of IID1s.

![The schematic of spontaneous discharge generation includes the populations of the glutamatergic neurons with hyperpolarizing GABA-A synapses (*E1*), the GABA-ergic interneurons (*I*) and the glutamatergic neurons with depolarizing GABA-A synapses (*E2*).\
**A**, All the synaptic pathways are involved in the generation of IDs and IID2s. **B**, Only two populations *I* and *E2* contribute to the generation of IID1s.](pone.0213904.g006){#pone.0213904.g006}

![Synaptic conductances during IIDs corresponding to those in [Fig 5](#pone.0213904.g005){ref-type="fig"} (Simulation 2).\
**A-F**, Synaptic conductances during IID1s (A,C,E) and IID2s (B,D,F) in *I-* (A,B), *E2-* (C,D) and *E1-*type (E,F) neurons. **G, H**, Synaptic resource dynamics during IID1s (G) and IID2s (H).](pone.0213904.g007){#pone.0213904.g007}

The critical factor in the generation of IID1s is the depolarization of the *E2*-neurons by GABA-A receptors. The positive driving force of these receptors is explained by a high level of chloride within *E2*-neurons (${\lbrack Cl\rbrack}_{i}^{E2}$ in [Fig 8A](#pone.0213904.g008){ref-type="fig"}). According to Pallud et al. \[[@pone.0213904.ref018]\], this level is provided by the activity of overexpressed NKCC1 cotransporters in this set of neurons, which are included in the proposed model. Consequently, the reversal potential of GABA-A receptors is close to the threshold of spike generation in *E2*-neurons, whereas it is hyperpolarized in *E1*-neurons. Thus, *I*-cells excite *E2*-neurons, providing positive feedback to their triggering activity. On the contrary, *E1*-neurons are inhibited by *I*-cells.

![Ionic currents and concentrations during IIDs corresponding to those in [Fig 5](#pone.0213904.g005){ref-type="fig"} (Simulation 2).\
**A, B**, Extracellular potassium and intracellular chloride ion concentrations during IID1s (A) and IID2s (B). **C, D**, Potassium currents through voltage-gated and glutamatergic channels, and KCC2-cotransporters for *E1-*neurons during IID1s (C) and IID2s (D). **E, F**, Chloride currents through GABAergic channels for *E1-*, *I-* and *E2*-neurons during IID1s (E) and IID2s (F).](pone.0213904.g008){#pone.0213904.g008}

The ionic concentration levels begin to change after the generation of IID1s (${\lbrack K\rbrack}_{o},{\lbrack Cl\rbrack}_{i}^{E1}$ in [Fig 8A](#pone.0213904.g008){ref-type="fig"}). IID1 generation involves active chloride transport through GABA-A receptors ([Fig 8E](#pone.0213904.g008){ref-type="fig"}). While under normal conditions any increase of ${\lbrack Cl\rbrack}_{i}^{E1}$ is compensated by slow pumping through KCC2-cotransporters, for the regime of IID1 generation, chloride homeostasis is impaired. The flux of chloride during IID1s overcomes the KCC2 outflux if IID1s become frequent, and the concentration ${\lbrack Cl\rbrack}_{i}^{E1}$ gradually increases ([Fig 8A](#pone.0213904.g008){ref-type="fig"}). The chloride concentrations in *E2-* and *I*-cells remain constant ([Fig 8A](#pone.0213904.g008){ref-type="fig"}) due to the balance of the outflow through KCC2 and the influx through GABA-A receptors. It should also be noted that prominent GABAergic shunting leads to equalization in membrane voltage to *V*~*GABA*~; however, the influx of chloride ions is supported by a more negative level of *V*~*Cl*~ in comparison with *V*~*GABA*~ ([Fig 9G](#pone.0213904.g009){ref-type="fig"}) due to the contribution of the HCO~3~ ions according to Eq ([7](#pone.0213904.e019){ref-type="disp-formula"}).

![Initiation of the first ID in series of IDs shown in [Fig 4](#pone.0213904.g004){ref-type="fig"} (Simulation 1).\
**A**, LFP; **B**, current at -27 mV in a cell of population *E1*; **C-E**, the membrane potential and GABA reversal potential for the cells representing interneurons (population I), pyramidal cells depolarized by GABARs (population E2) and pyramidal cells hyperpolarized by GABARs (population E1). **F**, Extracellular potassium and intracellular (in *E1*-neurons) chloride ion concentrations. **G**, Reversal potentials of the leak, GABAergic, chloride leak in *E1*-neurons, and potassium currents.](pone.0213904.g009){#pone.0213904.g009}

The concentration \[*K*\]~*o*~ increases due to the potassium outflux through KCC2-cotransporters, the voltage-gated channels of active *I-* and *E2*-cells, and the glutamatergic receptors presynaptically stimulated by *E2*-neurons ([Fig 8C](#pone.0213904.g008){ref-type="fig"}). As the largest population, the population of *E1*-cells provides the most significant contribution to the change in \[*K*\]~*o*~. The increase in \[*K*\]~*o*~ from burst to burst ([Fig 9F](#pone.0213904.g009){ref-type="fig"}) provides a gradual increase in depolarization by affecting the reversal potentials of the leak and voltage-dependent potassium channels ([Fig 9G](#pone.0213904.g009){ref-type="fig"}).

### Mechanism of IID2s {#sec013}

Both GABAergic and glutamatergic synapses contribute to IID2s, as evident based on the profiles of the AMPA, NMDA, and GABA-A-conductances ([Fig 7B, 7D and 7F](#pone.0213904.g007){ref-type="fig"}), which are similar to those estimated in the experiments \[[@pone.0213904.ref016]\]. The presynaptic resources of neurotransmitters are partially exhausted at the end of each IID2 ([Fig 7H](#pone.0213904.g007){ref-type="fig"}). The weakening of the synapses results in the termination of the IID2. The ionic concentrations of extracellular potassium and intracellular chloride increase during each IID2 and relax during the interburst intervals ([Fig 8B](#pone.0213904.g008){ref-type="fig"}). The increase in \[*K*\]~*o*~ is induced by the voltage-gated and glutamatergic potassium currents together with the flux through KCC2 cotransporters ([Fig 8D](#pone.0213904.g008){ref-type="fig"}). The contribution of KCC2 cotransporters is relatively small during the discharges. However, it is effective on large time scales of inter-discharge intervals, after being triggered by the enhanced level of intracellular chloride. The influx of chloride into all types of cells is supplied by the GABAergic channels ([Fig 8F](#pone.0213904.g008){ref-type="fig"}).

### Mechanism of IDs {#sec014}

The accumulation of chloride within the *E1*-population takes place during IID1s (${\lbrack Cl\rbrack}_{i}^{E1}$ in Figs [8A](#pone.0213904.g008){ref-type="fig"} and [7F](#pone.0213904.g007){ref-type="fig"}) due to the activation of GABA-A receptors ($I_{Cl,GABA}^{E1}$ in [Fig 8E](#pone.0213904.g008){ref-type="fig"}). The reversal potential $V_{GABA}^{E1}$ is getting more depolarized ([Fig 9G](#pone.0213904.g009){ref-type="fig"}). A commonly negative driving force $V_{GABA}^{E1} - V_{}^{E1}$ decreases, thus reducing GABAergic inhibition in *E1*-neurons. Moreover, the extracellular potassium concentration increases ([Fig 9F](#pone.0213904.g009){ref-type="fig"}) due to the potassium outflow from *E1*-, *E2*-, and *I*-neurons. The enhanced level of extracellular potassium concentration provides a depolarizing effect. An activation of *E1*-neurons by *E2*-neurons through glutamatergic synapses becomes possible. Eventually, an IID1 either switches to an IID2 or an ID ([Fig 2B](#pone.0213904.g002){ref-type="fig"}, [Fig 9B](#pone.0213904.g009){ref-type="fig"}) with a rapid burst of *E1*-neuron firing ([Fig 9E](#pone.0213904.g009){ref-type="fig"}). Such ID generation after a series of IID1s was observed in the experiment and the simulation ([Fig 2B](#pone.0213904.g002){ref-type="fig"} and [Fig 9B](#pone.0213904.g009){ref-type="fig"}) and as a strong negative component (at the time moment about 31 s) in the current trace registered at the holding voltage -27 mV ([Fig 9B](#pone.0213904.g009){ref-type="fig"}). All the synaptic pathways are activated during the generation of IDs ([Fig 6A](#pone.0213904.g006){ref-type="fig"}). The *E1*-population fires and thus provides a robust glutamatergic excitation (see peak AMPA and NMDA conductances in [Fig 10B--10D](#pone.0213904.g010){ref-type="fig"}). This excitation is observed in the VC mode as a large negative pulse ([Fig 4B](#pone.0213904.g004){ref-type="fig"}, [Fig 9B](#pone.0213904.g009){ref-type="fig"}). This current pulse is mostly determined by $I_{Na,glu}^{E1}$, $I_{Na,glu}^{I}$, and $I_{Na,glu}^{E2}$ ([Fig 11H](#pone.0213904.g011){ref-type="fig"}) and leads to the depolarization of *E1-* and *E2*-neurons by 20 mV ([Fig 9D and 9E](#pone.0213904.g009){ref-type="fig"}) as well as the overexcitation of *I*-cells in the form of a depolarization block ([Fig 9C](#pone.0213904.g009){ref-type="fig"}). The ID continues with the generation of short bursts ([Fig 4D](#pone.0213904.g004){ref-type="fig"}). The short bursts at the end of an ID in Simulation 1 ([Fig 4C--4G](#pone.0213904.g004){ref-type="fig"}) were similar to the IID2-like events of Simulation 2 ([Fig 5D, 5F, 5H, 5J and 5L](#pone.0213904.g005){ref-type="fig"}).

![Synaptic conductances and synaptic resource during IID1s and ID are shown in [Fig 4](#pone.0213904.g004){ref-type="fig"} and [Fig 9](#pone.0213904.g009){ref-type="fig"} (Simulation 1).\
**A**, current at -27 mV in a cell of population *E1*; **B-D**, synaptic conductances in *I-*, *E2-*, and *E1*-neurons, correspondingly; **E**, resources of GABA-synapses and glutamate synapses on *E2-* and *E1*-presynaptic neurons.](pone.0213904.g010){#pone.0213904.g010}

![Ionic dynamics during ID shown in [Fig 4](#pone.0213904.g004){ref-type="fig"} and [Fig 9](#pone.0213904.g009){ref-type="fig"} (Simulation 1).\
**A,B**, ionic concentrations; **C,D**, reversal potentials; **E**, potassium currents due to KCC2 activity and diffusion with bath solution; **F**, Na-K pump activity; **G**, potassium currents through voltage-gated and glutamatergic channels for *E1*-neurons; **H**, chloride current through GABARs and sodium currents through glutamatergic channels.](pone.0213904.g011){#pone.0213904.g011}

The termination of active discharge generation occurs after the accumulation of intracellular sodium (${\lbrack Na\rbrack}_{i}^{E1}$, ${\lbrack Na\rbrack}_{i}^{I}$, and ${\lbrack Na\rbrack}_{i}^{E2}$ in Figs [12C](#pone.0213904.g012){ref-type="fig"} and [8B](#pone.0213904.g008){ref-type="fig"}), which activates the Na-K-pump ($I_{pump}^{E1}$, $I_{pump}^{I}$, and $I_{pump}^{E2}$ in [Fig 11F](#pone.0213904.g011){ref-type="fig"}). In turn, potassium is pumped into the neurons, thus decreasing \[*K*\]~*o*~ ([Fig 11A](#pone.0213904.g011){ref-type="fig"}). Both the decreased \[*K*\]~*o*~ and the electrotonic effect of the Na-K pump repolarize the neurons. The spike generation decays ([Fig 4E--4G](#pone.0213904.g004){ref-type="fig"}) through the transition to IID2 generation. The average firing rate decreases. Consequently, the potassium currents decrease ([Fig 11G](#pone.0213904.g011){ref-type="fig"}). The activity of the Na-K pump and the decreased potassium outflux through voltage-gated and synaptic channels accelerate the decrease of \[*K*\]~*o*~ ([Fig 11A](#pone.0213904.g011){ref-type="fig"}, [Fig 12B](#pone.0213904.g012){ref-type="fig"}). Consecutive repolarization terminates the ID.

![Ionic concentrations and leak reversal potentials during a series of IDs shown in [Fig 4](#pone.0213904.g004){ref-type="fig"} (Simulation 1).\
**A**, current at -27 mV in a cell of population *E1*; **B**, extracellular potassium concentration; **C,D**, sodium and chloride concentrations in different cells, correspondingly; **E**, leak reversal potentials.](pone.0213904.g012){#pone.0213904.g012}

After an ID is terminated, the sodium influx decays such that along with the action of the Na-K pump, it leads to the gradual decrease of the intracellular sodium concentration ([Fig 11B](#pone.0213904.g011){ref-type="fig"}, [Fig 12C](#pone.0213904.g012){ref-type="fig"}). The activity of the Na-K pump diminishes. \[*K*\]~*o*~ begins to increase again ([Fig 12B](#pone.0213904.g012){ref-type="fig"}). Finally, it results in the generation of another ID ([Fig 12](#pone.0213904.g012){ref-type="fig"}). The exhaustion of a synaptic resource is one of the main processes that shape IIDs and IDs. For the regime with IID1s, the GABAergic conductance significantly decays after the first IID1s ([Fig 10B, 10C and 10D](#pone.0213904.g010){ref-type="fig"}) due to a reduction in the resource $x_{GABA}^{D}$ ([Fig 10E](#pone.0213904.g010){ref-type="fig"}); however, these synapses are still effective up to the moment of the ID onset. At this point, the glutamatergic synapses are full of synaptic resources $x_{glu,E1}^{D}$ and $x_{glu,E2}^{D}$. Hence, the peak NMDA-conductance is high. Quite rapidly, $x_{glu,E1}^{D}$, $x_{glu,E2}^{D}$, and $x_{GABA}^{D}$ reduce. Consequently, GABA-A-, AMPA-, and NMDA-conductances become small. The principle *E1*-cells retain the most abundant resource and are the most effective during the mid-stage of an ID. During the late stage of an ID, the synaptic resources become restored and begin to shape IID2-like events. A few seconds after the end of an ID, the synaptic resources become completely restored ([Fig 10E](#pone.0213904.g010){ref-type="fig"}).

Meanwhile, the termination of the electrogenic effect of the Na-K pump after an ID is a slow process ([Fig 11F](#pone.0213904.g011){ref-type="fig"}) along with the restoration processes of sodium and potassium concentrations ([Fig 11A and 11B](#pone.0213904.g011){ref-type="fig"}, [Fig 12B and 12C](#pone.0213904.g012){ref-type="fig"}). These processes determine the intervals between IDs. The cumulative effect of the concentrations is expressed by changes in the leak reversal potential ([Fig 12E](#pone.0213904.g012){ref-type="fig"}) that governs the level of the resting membrane potential and consequently the probability of spontaneous cell firing. To a large extent, the level of the leak reversal potential determines the moment of the next ID.

### Heterogeneity of cell population {#sec015}

The heterogeneity of the neuronal population is an essential factor in the mechanism of ID generation. Depolarized by GABA receptors, neurons support the generation of IID-like events, whereas the involvement of hyperpolarized neurons by GABA receptors leads to a massive firing. For the proposed model, the heterogeneity was set by splitting the population of excitatory neurons into two subpopulations of *E1* and *E2* cells. The ratio of fractions of *E1* to *E2* neurons within the entire population of pyramidal neurons influences the characteristics of IDs. In a simulation with equal fractions of *E1* and *E2* cells (Simulation 3), the discharges were longer and more frequent than in the case of the basic ratio of 6.5:1 (see *α*~*E*1~/*α*~*E*2~ in Methods), as can be observed from a comparison of [Fig 13](#pone.0213904.g013){ref-type="fig"} with [Fig 4](#pone.0213904.g004){ref-type="fig"}. Therefore, a larger number of cells with an impaired level of chloride creates a pro-epileptic effect.

![Ictal discharges in the simulation with equal contributions of E1 and E2 cells (Simulation 3).\
**A**, current recorded in a pyramidal cell (population E1) at the hold voltage -27mV; **B**-**D**, the membrane potential of cells representing interneurons (population *I*), pyramidal cells depolarized by GABARs (population *E2*) and pyramidal cells hyperpolarized by GABARs (population *E1*); **E**, extracellular potassium concentration.](pone.0213904.g013){#pone.0213904.g013}

### Effects of other parameters {#sec016}

The effects of the primary model parameters on the hyperexcitability of neurons and networks have been previously studied \[[@pone.0213904.ref005],[@pone.0213904.ref006],[@pone.0213904.ref011],[@pone.0213904.ref014],[@pone.0213904.ref045]\]. The proposed model reproduced some of the effects; however, a systematic parametric analysis is beyond the scope of the present study, though the results of the mentioned studies were applied for setting and tuning the model. For instance, based on research conducted by Cressman et al. \[[@pone.0213904.ref006]\], a robust glial buffer could eliminate seizures, whereas to the other extreme, an omission of a moderate glial buffer should not qualitatively change the regime of sodium and potassium oscillations during ID generation. Therefore, the glial buffer was not included in the basic set of parameters, but its effect was tested in an auxiliary simulation. In a simulation with the glial buffer, a higher frequency of IDs and a smaller magnitude of \[*K*\]~*o*~ oscillations were observed (compare [Fig 14](#pone.0213904.g014){ref-type="fig"} to [Fig 13](#pone.0213904.g013){ref-type="fig"}). The glial buffer is not strong enough to affect the level of \[*K*\]~*o*~ during the discharges, when the potassium fluxes through voltage-gated and glutamatergic channels are intense. After an ID the potassium is pumped out the glial cells to extracellular space ([Fig 14C](#pone.0213904.g014){ref-type="fig"}), thus elevating the minimum level of \[*K*\]~*o*~ and shortening the rebound stage of potassium evolution between IDs ([Fig 14B](#pone.0213904.g014){ref-type="fig"}). Besides, it was observed that a decrease in diffusion increases the magnitude of potassium fluctuations (compare [Fig 15](#pone.0213904.g015){ref-type="fig"} to [Fig 13](#pone.0213904.g013){ref-type="fig"}).

![Ictal discharges in the simulation with equal contributions of E1 and E2 cells and active glial buffer (k~1~ = 0.01s^-1^) (Simulation 4).\
**A**, current recorded in a pyramidal cell (population E1) at the hold voltage -27mV; **B**, extracellular potassium concentration; **C**, the current through glial buffer given by Eqs ([16](#pone.0213904.e028){ref-type="disp-formula"},[17](#pone.0213904.e029){ref-type="disp-formula"}).](pone.0213904.g014){#pone.0213904.g014}

![Ictal discharges in the simulation with equal contributions of E1 and E2 cells and weaker diffusion (D = 0.02s^-1^) (Simulation 5).\
**A**, current recorded in a pyramidal cell (population E1) at the hold voltage -27mV; **B**, extracellular potassium concentration.](pone.0213904.g015){#pone.0213904.g015}

Discussion {#sec017}
==========

In the present study, based on experimental recordings in combined hippocampal-entorhinal cortex slices in a high-potassium and low-magnesium solution containing 4-AP, a computational model has been developed that incorporates sodium, potassium, and chloride ion concentration dynamics. The findings help elucidate the mechanisms of seizure development and termination. In accordance with previous experimental studies \[[@pone.0213904.ref046]--[@pone.0213904.ref051]\], a positive feedback loop between the extracellular potassium concentration and neuronal activity results in seizures. High levels of neural activity initiate extracellular potassium and intracellular sodium accumulation, which increases the activity of the Na-K pump and it in turn terminates each ID. This mechanism is consistent with previous modeling works \[[@pone.0213904.ref005],[@pone.0213904.ref006],[@pone.0213904.ref012],[@pone.0213904.ref042]\]. Significant and novel achievements include: (i) the model reproduces repetitive IDs; (ii) the model reproduces a bursting regime under which the IID-like events are embedded in an ID; (iii) the model reproduces IIDs and IID-like events initiated by interneurons; and (iv) contributions of synaptic channels to the ion concentration dynamics have been visualized.

The IIDs have already been simulated with a CBRD model that does not take into account the ionic dynamics \[[@pone.0213904.ref027]\]. The simulations reflected the experimentally observed two types of IIDs, pure GABAergic and GABA-glutamatergic. In our preparation \[[@pone.0213904.ref016]\], the GABAR-mediated IID1 properties resembled those of a previously described events referred to as slow interictal potentials \[[@pone.0213904.ref047]\] or preictal discharges \[[@pone.0213904.ref052],[@pone.0213904.ref053]\]. Hypersynchronous GABAR-mediated potentials have also been recorded in several areas of isolated guinea pig brain preparation during 4-AP application \[[@pone.0213904.ref052],[@pone.0213904.ref053]\]. These type events are purely GABAergic \[[@pone.0213904.ref016]\]; when induced by 4-AP, they are minimally affected by NMDA and non-NMDA glutamatergic receptor antagonists \[[@pone.0213904.ref054]\].

Regarding the details of the mechanisms of neuronal excitability and ionic transport that were included for consideration, the model is similar to a recently published model \[[@pone.0213904.ref001]\] in which a single ID was simulated with a model that included a pair of excitatory and inhibitory neurons under the conditions of dynamic ionic concentrations. In comparison with this previous study, some of the details were omitted for the proposed model, such as the multi-compartmentalization of neurons, the explicit calcium dynamics, the dynamics of minor extracellular sodium and chloride, and intracellular potassium ion concentrations. Instead, the model considers quite important factors, such as a large number of neurons and synapses, the heterogeneity of neurons with different ionic transporter concentrations, the NMDA conductance voltage dependence, the short-term synaptic depression, the ion fluxes through the glutamatergic synapses, the bicarbonate flux through GABAergic channels, and NKCC1 contribution. The key advantage of the model is the reproduction of repetitive IDs, which have not been presented in the mentioned paper \[[@pone.0213904.ref001]\].

Repetitive IDs were simulated in the works by Krishnan et al. \[[@pone.0213904.ref012]\] and Gonzalez et al. \[[@pone.0213904.ref043],[@pone.0213904.ref055]\]. Their network model was based on two-type, two-compartment neurons under the conditions of dynamic ionic concentrations. In comparison with their study, the proposed model neglects the calcium dynamics, the inhomogeneity of the potassium concentration along the neuronal compartments, the dynamics of extracellular sodium and chloride, and intracellular potassium ion concentrations, and the set of voltage-gated channels is different. Instead, the proposed model includes the effects of potassium on chloride concentration dependence by means of KCC2 and NKCC1 cotransporters, the ionic fluxes through the synaptic channels, the heterogeneity of neurons with different ionic transporter concentrations, etc. This approach to neuronal population modeling involves infinite numbers of neurons and synapses, which is an abstraction that avoids artifacts occurring in small networks, such as large synaptic current fluctuations. Comparing the results of the two approaches, Krishnan's model also reproduces repetitive IDs. These IDs are also Na-K-pump-dependent; however, ID termination is crucially dependent on the depolarization block in pyramidal neurons, which was not the case for the simulations of this study. In experiments \[[@pone.0213904.ref016]\], the depolarization block that occurs during IDs was usually observed only in interneurons. The most recent study by Gonzalez et al. \[[@pone.0213904.ref055]\] reveals the role of inhibition of A-type potassium channels by 4-AP and hypothesizes a mechanism of pro-epileptic effect of KCC2 cotransporters. According to this mechanism, chloride accumulates inside neurons and activates KCC2, which results in intensive accumulation of \[*K*\]~*o*~, thus providing the pro-epileptic effect. Qualitatively our simulations do not contradict to their study, however quantitatively the potassium currents through voltage-gated and synaptic channels dominate over the KCC2-mediated potassium fluxes, and initial accumulation \[*K*\]~*o*~ that triggers spontaneous discharges is evoked rather by the diffusion with the high-potassium bath solution, according to our experimental model of epilepsy. Though, the contribution of KCC2 cotransporters might be effective on large time scales of inter-discharge intervals, after being triggered by the enhanced level of intracellular chloride. More detailed consideration of the pure 4-AP-triggered epilepsy model is to be a focus of the future studies with the proposed model, which, by the way, explicitly takes into account the A-currents.

Effective factors of oxygen concentration and volume dynamics have been considered using a single neuron model under the conditions of dynamic sodium, potassium, and chloride ionic concentrations \[[@pone.0213904.ref013],[@pone.0213904.ref015]\] and with a pair of interacting excitatory and inhibitory neurons under the conditions of dynamic sodium and potassium ionic concentrations \[[@pone.0213904.ref014]\], though the ionic fluxes through synaptic channels have not been taken into account. The oxygen concentration and volume change effects have been revealed in previous works through a bifurcation analysis. These aspects modulate the contribution of faster processes that more directly affect neurons, such as Na-K pump and ionic concentration dynamics, thus effectively widening the parameter domain corresponding to ID generation. These aspects will be included in future studies. In its present state, the model is one of the most detailed among the models presented in the literature; however, it is still missing some aspects, which represents a compromise as well. The parameters chosen for the model provide oscillations of ion concentrations. The ranges of the parameters that allow for oscillations have been identified in \[[@pone.0213904.ref006]\]. Due to differences in the basic neuron models and the introduction of additional factors, the parameters set are different from those of the mentioned works to some extent; however, the effects of the major factors are similar.

Overall, the experiments and simulations confirm the mechanism of the initiation of epileptiform activity that was proposed by Huberfeld et al. \[[@pone.0213904.ref017]\] and Pallud et al. \[[@pone.0213904.ref018]\]. A high potassium concentration level in the bath solution results in impaired chloride homeostasis due to the activities of potassium-chloride cotransporters \[[@pone.0213904.ref056]--[@pone.0213904.ref058]\], which leads to the depolarizing effect of GABAergic synapses and thus interneurons and the membrane depolarization in a fraction of neurons. Some depolarized pyramidal cells fire spontaneously. The resulting weak excitation along with GABAergic depolarization leads to excitation and synchronization of the interneurons along with the depolarized pyramidal neuron subpopulation. This synchronization results in IID1s. The cotransporters do not balance chloride influx during an IID1. The duration of such events is sufficient for a millimolar increase in the chloride concentration, whereas transporter-mediated recovery takes minutes \[[@pone.0213904.ref021],[@pone.0213904.ref038]\]. Thus, it leads to chloride accumulation and an elevation of the resting membrane potential of pyramidal cells of the hyperpolarized subpopulation. Gradually, a threshold of excitation for this subpopulation decreases. At some point, they start to discharge, beginning as either IID2s or IDs.

Changes in the concentrations of extracellular potassium and intracellular chloride and sodium ions play the most critical roles in seizure induction and maintenance \[[@pone.0213904.ref048]\]. In accordance with the experimental observations and simulations \[[@pone.0213904.ref005],[@pone.0213904.ref011],[@pone.0213904.ref048]--[@pone.0213904.ref050],[@pone.0213904.ref059]\], in this model \[*K*\]~*o*~ had a peak in the middle of an ID, while the intracellular sodium \[[@pone.0213904.ref048]\] and chloride \[[@pone.0213904.ref022]\] concentrations still gradually increased until the end of an ID. A high sodium concentration activated the Na-K pump. The fact that the Na-K pump activation is maximal during an ID is indirectly supported with the evidence of a decrease in the oxygen concentration during an ID, which reflected the activity of energy metabolism \[[@pone.0213904.ref060]\]. The influx of potassium through the Na-K pump overcame the outflux through voltage-gated, leak and synaptic channels and \[*K*\]~*o*~ began to decrease. The decrease of \[*K*\]~*o*~ increased the potassium voltage-dependent and leak currents and the termination of the ID. Therefore, the model qualitatively reproduced the ionic dynamics and highlighted the roles of the main factors: the Na-K pump, voltage-gated potassium channels, glutamatergic and GABAergic channels, KCC2 cotransporters, and potassium ion diffusion.

The mechanisms of IID and ID generation in the present model were roughly consistent with those reproduced in the previous simple model, Epileptor-2 \[[@pone.0213904.ref061]\], where only one population of neurons was explicitly described in terms of the membrane potential along with extracellular potassium, intracellular sodium concentrations, and the synaptic resource. Both the simple and the proposed full model reproduced repeated IDs with each ID representing IID-like events. The IID-like events were large amplitude stochastic oscillations \[[@pone.0213904.ref062]\]. The IDs were slow oscillations of mainly potassium and sodium ionic concentrations. Contrary to Epileptor-2, the proposed model introduces three populations, includes chloride concentration dynamics, and defines the kinetics more accurately. These details led to the reproduction of the initiation of IDs through chloride impairment due to a high bath concentration of potassium ions and the chloride accumulation following a series of IIDs. In total, this detailed investigation supports the central assumptions of the Epileptor-2 model.

To conclude, this study highlights the importance of neuronal heterogeneity and ionic transport mechanisms in the generation of epileptic discharges.
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